Sialic acids are acidic capping sugars on glycan chains, found on the cell surface and secreted glycoconjugates in animals of the Deuterostome lineage (vertebrates and so-called "higher" invertebrates (1-3)). The localization and ubiquity of sialic acids underscore their importance in mediating numerous cellular and extracellular interactions and their requirement for embryogenesis (4) . The 9-carbon core structure of sialic acids can be extensively modified to fine-tune these interactions. For example, hydroxylation of the C5 N-acetyl group of CMP-Nacetylneuraminic acid (CMP-Neu5Ac) 3 is catalyzed by the enzyme cytidine monophosphate N-acetylneuraminic acid hydroxylase, which generates CMP-N-glycolylneuraminic acid (CMP-Neu5Gc) (5) (6) (7) (8) (9) (10) (11) . These two nucleotide sugars donate Neu5Ac and Neu5Gc for sialylation as the major sialic acids expressed in most mammals. Our companion paper (12) provides a more detailed discussion regarding cytosolic pathways of sialic acid metabolism and the relevance to the intracellular fate of Neu5Gc.
Despite the ubiquity of Neu5Gc in most mammals, CMPNeu5Ac hydroxylase is nonfunctional in all humans (13, 14) due to an Alu-mediated deletion of CMAH exon 6 (15) , causing premature truncation of the open reading frame (14) . Thus, humans cannot produce Neu5Gc, only Neu5Ac. Neu5Gc was also absent in human-like Cmah Ϫ/Ϫ mouse (16, 17) , showing that there exists no alternative pathway for Neu5Gc biosynthesis in mammals.
Interestingly, intracellular sialic acid biosynthetic enzymes do not discriminate between Neu5Gc and Neu5Ac, and exoge-nous Neu5Gc can exploit this metabolic "loophole" to be used for sialylation of human cells (18) . This finding is important in light of classic claims for the presence of Neu5Gc in human carcinomas and fetal tissues (19) using anti-Neu5Gc antibodies generated in chickens (the avian lineage also appears deficient in Neu5Gc and thus can be immunized against the antigen) (20) . More recently, histology of human tissues using an affinity-purified monospecific version of such an antibody (␣Neu5Gc IgY) has demonstrated several human tissues where Neu5Gc is characteristically present, such as endothelial cells lining the micro-and macro-vasculature (21) , carcinomas (22) , placental tissues (23) , and epithelial cells lining hollow organs (24, 25) . Given that humans who eat red meats and other mammal-derived food products consume milligram quantities of Neu5Gc each day (24) , it is reasonable to propose that the Neu5Gc detected in human tissues originates from dietary sources. Previous human volunteer studies showed that orally ingested free Neu5Gc might be incorporated into salivary mucins in small amounts (24) . However, the efficiency on incorporation was poor, and nothing could be stated about incorporation into endothelia, epithelia, cancers, or fetuses.
Although human sialic acid biosynthetic enzymes do not clearly discriminate between Neu5Ac and Neu5Gc, the human humoral immune system does, and all humans tested have circulating Neu5Gc-specific immunoglobulin (Ig) at variable (sometime high) levels (24, 26 -28) . These antibodies are known to arise during the 1st year of life (29) . Recent work has also explored the potential pathologic role of Neu5Gc in human carcinomas (22, 30) , atherosclerosis (21) , and susceptibility to an Escherichia coli shiga-like SubAB toxin (25, 31) . These studies suggest that Neu5Gc is actively exacerbating these diseases, in most cases through interactions with circulating Neu5Gc-specific Ig (21, 22) . Thus, there is a need to understand mechanisms underlying tissue incorporation of ingested Neu5Gc and to conclusively prove that dietary Neu5Gc can be accumulated in a manner mimicking human-like tissue distribution.
It is known that mammalian infants require dietary sialic acid supplementation for optimal brain development (32) . Dietary sialic acid also improves memory formation, learning metrics, and brain sialic acid content in piglets (33) and rats (34) . Moreover, evidence has shown that breast milk as opposed to formula is much richer in sialic acid content (35, 36) and that breastfed children develop higher IQ levels than formula-fed children (37) .
Despite these observations, remarkably little is known about the fate of ingested sialic acids in mammals. Aside from a few observations of sialidase activity in intestinal fluids (38) , the only published studies on this topic were performed by Nöhle and Schauer (39 -41) . They showed that although radioactive free sialic acid fed to mice and rats appeared largely intact in the urine (39, 40) , label from radioactively sialylated mucintype glycoproteins was absorbed more slowly. A portion of the radioactive sialic acids were also metabolized (presumably by lyases), as evinced by radioactive CO 2 expired by the animals (41) . Beyond this, little else is known about the fate of ingested sialic acids in mammals.
In this study, we have used a Neu5Gc-deficient mouse with a human-like defect in Cmah as a model, where ingested Neu5Gc can be followed like a tracer in a Neu5Gc-free environment, using a polyclonal chicken Neu5Gc-specific IgY antibody (␣Neu5Gc IgY), and by fluorescent tagging of free sialic acids with 1,2-diamino-4,5-methylenedioxybenzene dihydrochloride (DMB) for HPLC. These reagents play a prominent role in this work and deserve an introduction to help the reader understand their respective utilities. Neu5Gc-containing glycoproteins can be detected by ␣Neu5Gc IgY because the antibody recognizes Neu5Gc in ␣-conformation (Fig. 1A, left column) . Although the glycosidic linkage that covalently links Neu5Gc to the underlying glycan holds Neu5Gc in the ␣-conformation, free Neu5Gc monosaccharide is primarily (ϳ90%) in the ␤-conformation (Fig. 1A, right column) . Conversely, DMB requires the ␣-keto acid moiety of sialic acid to react and form the fluorescent adduct that is monitored in HPLC. This keto acid moiety is not available when sialic acids are glycosidically linked. Thus, DMB will only react with free Neu5Gc monosaccharide and not with Neu5Gc-glycoproteins. Glycosidically linked sialic acids can be released from glycans using acid hydrolysis (2 M acetic acid at 80°C for 3 h) (42) and are available for DMB labeling thereafter.
The Cmah Ϫ/Ϫ mouse and these reagents (Fig. 1A ) allowed us to study the gastrointestinal kinetics of ingested Neu5Gc in vivo, the appearance of dietary metabolites in the blood and urine, and to ascertain the tissues where dietary Neu5Gc is metabolically incorporated in vivo. Given that Neu5Gc is thus far the only example of a foreign immunogenic molecule that is incorporated in human tissues and is likely responsible for exacerbating chronic inflammatory conditions, the study of its gastrointestinal kinetics and metabolic incorporation is of importance to human health and disease.
EXPERIMENTAL PROCEDURES

Mice and Chow-Cmah
Ϫ/Ϫ mice have been described previously (16) . Mice were housed in an Association for Assessment and Accreditation of Laboratory Animal Care-approved vivarium with 12-h diurnal lighting and access to food and water ad libitum. Cmah Ϫ/Ϫ mice were maintained on a Neu5Gc-deficient soy-based chow (Dyets, Inc.; 110951 for adults; 110751 for pregnancy/weaning) to ensure that animals were not exposed to Neu5Gc prior to experiments. We confirmed that this chow is free of Neu5Gc by DMB-HPLC and is also free of sialic acids by the thiobarbituric acid reaction (data not shown). The Institutional Animal Care and Use Committee at University of California San Diego, approved all researchers and animal procedures.
Other Reagents-All reagents and chemicals were purchased from Fisher or Sigma, unless otherwise specified.
Free Neu5Gc and Neu5Gc-glycoproteins for Feeding StudiesFree Neu5Gc was either purchased commercially (Inalco) or synthesized according to published methods (43) . Porcine submaxillary mucin (44) was used as a source of mucin-type glycosidically linked Neu5Gc-containing glycoproteins (Neu5Gc-glycoproteins). Porcine submaxillary glands (Pel-Freez Biologicals) were finely chopped and homogenized in 5 volumes of water. Homogenates were centrifuged at 8000 rcf for 15 min, and the supernatant was then filtered through glass wool. The mucin was precipitated by gradual acidification (to pH 3.5) at 4°C, mixed overnight at 4°C, and then left to settle. The supernatant was removed by siphoning, and the precipitated mucin was centrifuged at 400 rcf for 15 min, washed with water, and centrifuged again. Mucin pellets were neutralized to pH 8.0 and dialyzed using a 10,000 molecular weight cutoff CE membrane (Spectrum Labs) against 20 volumes of water, with at least 5 volume changes. This preparation, called porcine submaxillary mucin (PSM), was then dried by lyophilization, and its Neu5Gc content was characterized by DMB-HPLC.
PSM was chosen for this work because the only previous dietary feeding studies of sialic acid used a radioactively resialylated mucin (39, 40) and because it has very high Neu5Gc content (7-9% by weight). Also relevant to our decision was the practicality of producing large quantities needed for long term feeding studies and the minimal nutritional impact on the mouse diet (less than 1% by weight of the chow).
Neu5Gc-glycoprotein chow was generated by adding purified PSM to Neu5Gc-free chow, followed by autoclaving. Alternatively, purified PSM was provided to a manufacturer for incorporation into the chow prior to pelleting and sterilization by ␥-irradiation. Neither autoclaving nor irradiation caused significant release of Neu5Gc from PSM. A Western blot of the chow was also run before and after sterilization and showed no change.
Short Term and Long Term Feeding of Neu5Gc-Cmah
Ϫ/Ϫ mice were gavaged with 1 mg of Neu5Gc using gavage needles (Braintree Scientific). At the appropriate time after feeding, animals were anesthetized using isoflurane (VetOne), and blood was collected by cardiac puncture. Next, we made a ventral midline incision that exposed the peritoneal cavity and then isolated and cannulated the proximal duodenum on a bluntend needle. The small intestine was secured to the needle using 6.0 silk sutures (Braintree Scientific). We then isolated and clamped the distal ileum at the ileocecal junction and detached the small intestine from the cecum. The entire small intestine was flushed out with 6 ml of PBS via cannulation, and the contents were collected from distal ileum into a glass conical tube. The contents of the small intestine were dried down and resuspended in 1 ml of H 2 O. The small intestine (ϳ30 cm) was then divided into three equal segments. The contents of the cecum and large intestine were lavaged similarly using PBS and similarly collected. The cecum and large intestinal wall were saved as one fraction. The stomach contents were emptied by a large incision and subsequent immersion in lavage solution and collected. The stomach wall, liver, and one kidney were collected. All tissue/intestinal content sections were then homogenized in 1 ml of H 2 O plus type III protease inhibitor mixture (EMD Biosciences). All samples were then snap-frozen in a dry ice/ ethanol bath and stored at Ϫ80°C. Fig. 1B depicts visually how we segmented the gastrointestinal tract and other organs for these studies. Long term feeding studies were carried out by homogeneously mixing purified porcine submaxillary mucin into powdered soy chow at a dose of 100 -250 g of Neu5Gc/g of chow.
Chow powder was sterilized prior to feeding. Alternatively, custom chow was prepared professionally (Dyets, Inc.) by mixing mucin into the soy chow ingredients before formulation. We monitored the body weight of the animals to ensure that they thrived equally well on the experimental chows.
Blood and Urine Kinetic Studies-Animals were gavaged, as above. We used the submandibular bleeding technique where blood is sampled from a conscious animal by puncturing the submandibular cheek pouch with a 5.0-mm lancet (Goldenrod Animal Lancets). Minimum blood volume (25-50 l) was collected in plain glass capillary tubes and allowed to clot in serum microtainers (BD Biosciences). Serum was isolated by spinning tubes at 10,000 rcf for 2 min and stored at Ϫ20°C. Animals were bled at most three times. Urine was collected by restraining a conscious animal and taking advantage of spontaneous urination. If necessary, animals were gently massaged from the sternum in the caudal direction to induce urination. Urine was collected in plain capillary tubes and stored at Ϫ80°C.
Quantification of Free and Glycosidically Linked Neu5Gc by DMB-HPLC-Neu5Gc in tissue, blood, and urine samples was measured by high performance liquid chromatography (HPLC) on a LaChrom Elite HPLC (Hitachi) by tagging sialic acids with the fluorogenic substrate, 1,2-diamino-4,5-methylene-dioxybenzene (DMB, Sigma), using previously described methods (23) . HPLC runs were performed at 0.9 ml/min in 85% H 2 O, 7% MeOH, 8% CH 3 CN. Fluorescent signals were excited at 373 nm and acquired at 448 nm.
Specific volumes of tissue homogenates were taken to maintain total sample sialic acid amounts below a 4-nmol threshold as follows: stomach/small/large intestinal wall samples (100 l homogenate ); stomach/small/large intestinal contents (100 l homogenate ); liver (20 l homogenate ); kidney (20 l homogenate ); serum (5 l homogenate ); urine (5 l homogenate ), and feces (100 l homogenate ). To quantify free sialic acids in these samples, homogenates were diluted and clarified by centrifugation at 10,000 rcf for 5 min at room temperature. Next, the supernatant was transferred to a Microcon-10, 10,000 molecular weight cutoff centrifugal filter (Millipore) and spun at 14,000 rcf for 15 min. The retentate was washed with 400 l of H 2 O and spun again. Free sialic acids in the run-through were dried down (Eppendorf Vacufuge), resuspended in H 2 O, and derivatized with a 2ϫ DMB solution, which contained 7 mM DMB, 1.4 M acetic acid, 0.75 M ␤-mercaptoethanol, 18 mM sodium hydrosulfite. Samples were derivatized in the dark at 50°C for 2.5 h. To quantify total sialic acids, sialic acids were first de-O-acetylated in 0.1 M NaOH for 30 min at 37°C. Next, glycosidically linked sialic acids were released by acid hydrolysis in 2 M acetic acid at 80°C for 3 h. Samples were clarified, spun through a Microcon-10, washed, dried down, resuspended, and derivatized as above. Peak areas on HPLC were quantified by comparison with a standard curve of known Neu5Ac (Inalco Chemicals) and derivatized in parallel. Retention times of Neu5Gc (and Neu5Ac) in a given HPLC experiment were determined using chemically synthesized standards for Neu5Ac and Neu5Gc, as well as known biologic standards for O-acetylated sialic acids (purified bovine submaxillary mucin sialic acids), also derivatized in parallel.
Detection of Neu5Gc by Western Blot-Tissue homogenates were lysed by boiling in sample buffer. The supernatant following centrifugation was loaded on 10% polyacrylamide mini gels (Bio-Rad), electrophoresed, and transferred to PVDF mem-branes (Bio-Rad) using a Fastblot semi-dry transfer system (Biometra). Mild periodate pretreatment of membranes to confirm specificity of anti-Neu5Gc signals was performed by quickly washing PVDF membranes three times in H 2 O, washing three times in PBS, pH 6.5, for 5 min, then exposing membranes to freshly made 2 mM NaIO 4 in PBS, pH 6.5, for 30 min in the dark at room temperature (or PBS control), then quickly washing membranes three times in H 2 O, and finally washing membranes three times in H 2 O for 5 min. Blocking, antibody incubations, and washes were then performed on the Snap-ID Vacuum Incubation System (Millipore). Membranes were blocked with 30 ml of 0.5% Neu5Gc-free cold water fish gelatin (Sigma) in Tris-buffered saline containing 0.1% Tween (TBST ϩ FG). Membranes were then incubated with 3 ml of chicken Neu5Gc-specific antibody (␣Neu5Gc IgY, Sialix, Inc.), diluted 1:25,000 in TBST, washed six times with 30 ml of TBST ϩ FG, and then incubated with 3 ml of HRP-anti-chicken-IgY (Jackson ImmunoResearch), diluted 1:25,000. Signals were visualized by Immobilon chemiluminescence (Millipore), followed by exposure to Kodak BioMax XAR film for 5-30 s.
Detection of Neu5Gc by Histology-Tissues from animals were either flash-frozen in OCT (Sakura) or fixed in 10% neutral buffered formalin for 24 h and then paraffin-embedded. In the case of the small intestinal segments, each segment was cut open lengthwise and rolled up from the proximal end to the distal end with the mucosal side facing outward. The rolls were fixed in 10% neutral buffered formalin for 24 h, then paraffinprocessed, and embedded. The rolls were sectioned at 5 m, then deparaffinized in xylene, followed by rehydration in graded ethanol dilutions, and submersion in phosphate-buffered saline with 0.1% Tween (PBST). The slides were overlaid with blocking buffer (0.5% cold water fish gelatin in PBST) and blocked for endogenous biotin (Vector Laboratories, Burlingame, CA) and peroxidase. Slides were incubated overnight at 4°C with the ␣Neu5Gc IgY (1:5000) and the control IgY (1:5000; Jackson ImmunoResearch). Slides were then washed and incubated with the biotinylated donkey anti-chicken IgY (1:500; Jackson ImmunoResearch) and then with Cy3-streptavidin (1:500; Jackson ImmunoResearch) for 30 min each. Cell nuclei were stained by incubation with DAPI (1:200,000; Sigma). Slides were then mounted in VectaMount (Vector Laboratories) and visualized by fluorescence microscopy.
For cryopreserved liver and postnatal day 1 specimens, frozen sections were cut from the OCT blocks rehydrated in PBST. Next, the slides were blocked for nonspecific binding, blocked for endogenous biotin/peroxidase, and post-fixed in 10% neutral buffered formalin (Fisher). Slides were incubated with antibodies as above, except that the secondary antibody was followed by peroxidase/streptavidin (1:500; Jackson ImmunoResearch), developed with 3-amino-9-ethylcarbazole substrate (Vector Laboratories), and counterstained with Mayer's hematoxylin (Sigma). Slides were then mounted in VectaMount (Vector Laboratories) and visualized by bright field microscopy.
Total Lipid Extraction and Ganglioside Purification-Total lipids were extracted from 200 l of tissue homogenates using a ratio of 10:10:1 in chloroform/methanol/sample. Samples were vortexed to mix, then bubbled for 30 s with N 2 , and sealed.
Extraction proceeded at room temperature for 16 h while shaking. Nonlipid materials were pelleted by centrifugation at 2000 rcf for 15 min. Total lipids were then dried down on a Buchler Evapomix and resuspended by sonication (Fisher Sonic Dismembrator) in 1.5 ml of 50 mM KH 2 PO 4 , pH 7.3. Phospholipids were metabolized by treatment with phospholipase C (Sigma), 5 milliunits/mg tissue , for 6 h at 37°C. Samples were dried down on a Buchler Evapomix and resuspended in 1 ml of methanol. We used anion exchange chromatography to purify gangliosides (sialoglycolipids) from the remaining neutral lipids. Sephadex A25 resin (GE Healthcare) was swollen in methanol, defined three times with successive washes in methanol, chloroform, 0.8 M sodium acetate (60:30:8) by mixing, and then aspirating the supernatant after the bulk resin had settled. Next, the defined resin was washed three times in methanol/chloroform/water (60:30:8). The activated defined resin was then prepared as a 50% slurry in methanol. Single-use columns were prepared in 5-inch Pasteur pipettes by tamping a small plug of glass wool near the tip, so that the eventual flow rate of the column was ϳ1 drop/s. Columns were packed with 50% DEAE A25 resin slurry, so that the bed was 3-4 cm in height or an ϳ1-ml bed volume. Columns were then washed with 6 bed volumes of methanol/chloroform/water (60:30:8) and then with 6 volumes of methanol. 1-ml samples were applied to the column and allowed to run through. The columns were then washed with 6 bed volumes of methanol. Mono-, di-, and trisialogangliosides were eluted together with 6 bed volumes of 0.5 M sodium acetate in methanol. Eluates were dried down and resuspended in 4 ml of methanol/water (1:1). Eluates were desalted using C18 cartridges (Analtech). To desalt, these cartridges were equilibrated with 2 ϫ 10 ml methanol washes, then 2 ϫ 10 ml methanol/water (1:1). Eluates from anion exchange were slowly applied to the cartridge. Cartridges were washed with 4 ϫ 10 ml of water and then eluted with 2 ϫ 10 ml chloroform/methanol (1:1) and 1 ϫ 10 ml chloroform/methanol (2:1). Eluates were dried down. Sialic acids were released from samples by acid hydrolysis and quantified by DMB-HPLC, as described above.
Long Term Neu5Gc-loading Studies-We fed adult Cmah Ϫ/Ϫ animals continuously with professionally formulated soy chow containing porcine submaxillary mucin (100 -250 g of Neu5Gc/g of chow) ad libitum. In addition to fed animals, we also included genotype controls in every experiment (a nonNeu5Gc-fed Cmah Ϫ/Ϫ mouse and a wild type Cmah ϩ/ϩ mouse). On day 28 of feeding, overnight fasted animals were euthanized and perfused via left ventricular puncture. The lobes of the liver were flipped up to identify hepatic veins, and a minor branching vein off the largest hepatic vein was cut to create an outlet for perfusion. The basic perfusion solution was Krebs-Ringer (122 mM NaCl, 5.6 mM KCl, 5.5 mM D-glucose, 20 mM HEPES, 25 mM NaHCO 3 , pH adjusted to 7.4, and filtersterilized). The animals were perfused with 20 ml of warmed Krebs-Ringer solution plus 10 mM EDTA at 7 ml/min. Next, animals were perfused with 20 ml of Krebs-Ringer solution plus 150 M CaCl 2 plus 0.5 mg/ml collagenase type I (from Clostridium hemolyticum, Sigma). Target organs (heart, aorta, jejunum, and liver) would lose their red color and become opaque upon collagenase digestion with good perfusion. The organs were dissected out of the animal and placed into an iced 6-well plate minced briefly and dissociated using a transfer pipette, and the suspensions were passed through cell strainers (100, 70, 70, and 40 m, respectively, all from BD Biosciences). The resulting cell suspensions were washed twice in Krebs-Ringer solution plus 150 M CaCl 2 by centrifugation at 300 rcf for 5 min at 4°C. The final cell pellets were resuspended in 1 ml of Krebs-Ringer solution, and cells were counted on an automated cell counter (Beckman Coulter).
Detection of Cell-surface Neu5Gc by Flow Cytometry-An equal number of cells (0.1-1.0⅐10
6 cells depending on the perfusion) were stained for flow cytometry. All cells were stained with ␣Neu5Gc IgY and with a rat anti-mouse-CD31 (BD Biosciences). All cells were washed by centrifugation and incubated with a donkey anti-chicken-IgY-Cy5 FЈab fragment (Jackson ImmunoResearch) and with a goat anti-mouse-IgGAlexaFluor488 (Invitrogen). Cells were then washed by centrifugation and resuspended for flow cytometry in PBS. To stain intracellularly for albumin, hepatocytes were stained for Neu5Gc, as above. After staining, cells were fixed and permeabilized according to the Cytofix/Cytoperm kit (BD Biosciences), stained with 1 g of rabbit anti-albumin (IgG-enriched, Accurate Chemical Co.), and then stained with donkey antirabbit-AlexaFluor488 (Invitrogen). Staining was controlled by performing intracellular staining with 1 g of preimmune rabbit serum as a primary. Cytometry was performed on a BD FACScalibur (BD Biosciences), and the data were analyzed using Flowjo (Treestar).
RESULTS AND DISCUSSION
Ingested Free Neu5Gc Is Only Minimally Recovered from
Organs of Fed Mice-We initially compared the total recovery of Neu5Gc from organs of Cmah Ϫ/Ϫ mice at multiple time points following equimolar gavage of free Neu5Gc or Neu5Gc-glycoproteins. As shown in Table 1 , the recovery of Neu5Gc (from the entire gastrointestinal tract, the blood, the liver, and the kidneys; excluding urine and feces) was different when comparing the two feeding paradigms. Less than 20% of free Neu5Gc was recovered 2 h after feeding compared with Ͼ60% in Neu5Gc-glycoprotein-fed mice. Percentage recoveries drop by a factor of ϳ10 every 2 h, regardless of feeding paradigm, and Neu5Gc was difficult to recover 4 and 6 h after free Neu5Gc feeding. We hypothesize that the disparity in our recovery of Neu5Gc from free Neu5Gc and Neu5Gc-glycoprotein-fed mice could be due to two factors as follows: (a) Neu5Gc might be metabolized by lyases of gut microbial and/or endogenous origin such that we cannot track it using DMB-HPLC, or (b) Neu5Gc might be rapidly excreted from the body, as suggested previously (40) .
Ingested Free Neu5Gc Is Rapidly Absorbed from the Gastrointestinal Tract and with No Evidence of Metabolic Incorporation into
Tissues-To understand the minimal recovery of free Neu5Gc after feeding, we looked for recoveries in multiple individual organs, intestinal contents, blood, and urine. Fig. 1B depicts visually how we segmented the gastrointestinal tract and other organs for these studies. Two hours after feeding, Neu5Gc in gastrointestinal (stomach, small, and large intestinal) contents (Fig. 1C) of free Neu5Gc-fed mice were markedly lower than in Neu5Gc-glycoprotein-fed mice and also highly variable (10.9 Ϯ 10.1% compared with 45.8 Ϯ 3.8% of total Neu5Gc recovered, respectively). This confirms rapid disappearance of free Neu5Gc from the intestines due to absorption from and/or degradation within the gut. Free Neu5Gc was minimally detected in intestinal wall segments and other tissues (liver, kidney, and blood) (Fig. 1D) indicating minimal metabolic incorporation in vivo.
Ingested Free Neu5Gc Is Transiently Seen in Blood and Is Efficiently Excreted in Urine-In keeping with the rapid absorption of free Neu5Gc from the intestines, free Neu5Gc levels in blood (Fig. 1E , solid black circles) peaked 1 h after feeding and quickly declined thereafter. A similar pattern of excretion was seen in urine (Fig. 1E , open gray circles) with a peak around 30 -60 min and minimal amounts by the end of 5 h. These data qualitatively mirror each other and mimic the excretion noted for radioactive free sialic acids (39, 40) . The high recovery of free Neu5Gc in urine thus accounts for the poor recovery of Neu5Gc from tissues of free Neu5Gc-fed mice. No Neu5Gc was detected in the feces of free Neu5Gc-fed mice (data not shown). Of the 1 mg of free Neu5Gc that was fed to the animals, we propose that unaccounted for portions are degraded in the gut lumen, perhaps by the microbiome, and/or are metabolized by endogenous metabolic pathways. As our goal was to understand Neu5Gc incorporation into tissues, we did not pursue this matter further.
Fed Neu5Gc-glycoproteins Exhibit Different Intestinal Metabolism, Circulatory Kinetics, and Urine Excretion Compared with Free Neu5Gc-In striking contrast to free Neu5Gc feeding, which was entirely found as a free monosaccharide in vivo (intestines/blood/urine), Neu5Gc from Neu5Gc-glycoproteinfed mice was largely detected on glycans (e.g. Neu5Gc glycosidically linked to underlying sugars and presumably a carrier protein/lipid). In tissues and blood, Neu5Gc detection by DMB-HPLC (Fig. 1E ) required acid hydrolysis for DMB tagging, and in intestines and liver, we were able to track Neu5Gc using ␣Neu5Gc IgY (Fig. 2) . Collectively, these results suggest that dietary Neu5Gc from Neu5Gc-glycoprotein feeding is trafficked in vivo in the form of a glycoconjugate.
In Neu5Gc-glycoprotein-fed mice, glycosidically bound Neu5Gc appears in circulation and maintains a near steady state for several hours (Fig. 1E, solid black circles) . Interestingly, Neu5Gc-glycoprotein-fed mice exhibit no excretion of Neu5Gc in urine (Fig. 1E, open gray circles) up to 48 h after feeding (data We gavaged equal amounts of Neu5Gc in the form of free Neu5Gc or Neu5Gc-glycoproteins into Cmah Ϫ/Ϫ animals. At the indicated time points, we isolated tissues (stomach, intestines, liver, and blood) and intestinal contents (stomach, small intestine, and large intestine) and quantified the total Neu5Gc that could be recovered as a percentage of the total Neu5Gc fed (0.3 mmol Neu5Gc ). These recovery values omit any Neu5Gc in the urine (studied separately, see Fig. 1, E and F not shown). Thus, reduced recovery of Neu5Gc in Neu5Gc-glycoprotein-fed mice at later time points (Table 1) is likely a result of metabolism and not excretion. Two hours after feeding, a high percentage of Neu5Gc can be recovered from the small intestinal walls (Fig. 1D) . In particular, the terminal part of the small intestine was enriched for Neu5Gc (Fig. 1D , white and gray bars). Detection required acid hydrolysis, indicating the dietary Neu5Gc signal was still glycosidically linked within these small intestinal wall fractions. To be confident that Neu5Gc in the intestinal wall was not due to physical adsorption from gut contents, we also tracked the bacterial octulosonic acid, Kdo, by DMB-HPLC in our intestinal lavage. As Ͼ99.5% of Kdo was present in the intestinal content fractions, we reasoned that our intestinal wall fraction was well lavaged, and any Neu5Gc detected here was internalized by the epithelial cells. We confirmed our HPLC results using ␣Neu5Gc IgY in immunohistologic analysis of Neu5Gc-glycoprotein-fed intestinal rolls. In Fig. 2A , the top row shows enriched staining in the middle (SI2) and terminal (SI3) sections of the small intestine and minimal staining in the proximal small intestine (SI1) and large intestine (LI), agreeing with our DMB-HPLC analysis. This staining appears within the intestinal villi and does not appear to be associated with the luminal border, but it is rather on the basolateral side of the intestinal enterocytes. To control for this staining, we employed a preimmune chicken IgY (control IgY) on the Neu5Gc-glycoprotein-fed tissues ( Fig. 2A , middle row) and also used ␣Neu5Gc IgY on non-fed Cmah Ϫ/Ϫ tissues ( Fig. 2A, bottom row) , both of which yield no significant staining. To further demonstrate the specificity of our staining, we blocked ␣Neu5Gc IgY staining with 10% chimpanzee serum (a rich source of Neu5Gc-containing glycans), which abrogated the intestinal staining (Fig. 2B) . Thus, we conclude that the majority of ingested Neu5Gc-glycoprotein is trafficked through the terminal half of the small intestine, roughly equating to the ileum in humans.
Dietary Neu5Gc-glycoproteins Are Bioavailable for Glycosylation in the Intestines-Feeding Neu5Gc-glycoproteins exhibited drastically different gastrointestinal kinetics than feeding free Neu5Gc, and we reasoned that Neu5Gc-glycoproteins mimic mammalian foods in the human diet more so than a free monosaccharide. Thus, we interpreted that Neu5Gc derived FIGURE 1. Different gastrointestinal handling of Neu5Gc from free Neu5Gc or Neu5Gc-glycoprotein feeding. A, figure shows the two feeding strategies compared (Neu5Gc-glycoprotein, left column; free Neu5Gc, right column) and the two key reagents used in this study. ␣Neu5Gc IgY can recognize glycosidically bound Neu5Gc, such as on PSM ("Neu5Gc-glycoprotein" in this study). DMB is a fluorogenic tag that can react only with free Neu5Gc monosaccharide for quantification in HPLC. Acid hydrolysis can be used to release glycosidically linked Neu5Gc from glycans so that it can be tagged by DMB and is an important process step for quantifying total Neu5Gc (with acid hydrolysis) and free Neu5Gc (without acid hydrolysis). B, schematic of tissues studied in this paper. The contents from stomach and small and large intestines were collected. The small intestine was divided into three isometric sections (SI1, SI2, and SI3), along with the samples collected from stomach, large intestine (LI), liver, and kidney. Urine and feces were also collected. C, Neu5Gc recovered from contents of the gastrointestinal tract (contents from stomach and small and large intestines) was expressed as a percentage of amount gavaged (0.3 mmol of Neu5Gc). We recovered significantly more Neu5Gc from the content of Neu5Gc-glycoprotein-fed mice than free Neu5Gc-fed mice. D, marked differences between Neu5Gc recovered from organs of free Neu5Gc and Neu5Gc-glycoprotein-fed mice at 2 h after feeding. SI1 (hatched bar), SI2 (white bar), SI3 (gray bar), and others (black bar): liver, kidney, and cecum/LI. Neu5Gc-glycoprotein feeding leads to Neu5Gc being retained in the intestines longer, compared with rapid absorption of free Neu5Gc from the intestinal contents. Neu5Gc from Neu5Gc-glycoprotein feeding is particularly enriched in the terminal small intestine (SI3, gray bar). E, top panel, blood and urinary excretory kinetics of Neu5Gc in Neu5Gc-glycoprotein-fed mice. Neu5Gc maintains a near steady state for up to 6 h after feeding in blood (solid black circles) and is minimally excreted in urine (open gray circles) even at the end of 48 h (data not shown). Neu5Gc was very minimally detected in feces from Neu5Gc-glycoprotein-fed mice, ruling it out as major means of excretion. Neu5Gc derived from glycoprotein sources is unlikely to be excreted unchanged in large amounts. Bottom panel, free Neu5Gc-fed mice show a spike and rapid disappearance of Neu5Gc from blood (solid black circles), indicating that it is rapidly absorbed from the gastrointestinal tract. Neu5Gc in urine from these mice shows similar kinetics, a spike and rapid disappearance (open gray circles). The scale of the y axes in these panels is the same. Very minimal amounts of free Neu5Gc were detected in feces of free Neu5Gc-fed mice.
from a meal containing Neu5Gc-glycoproteins would be bioavailable for glycosylation, instead of merely being excreted as is the case for dietary free Neu5Gc. The intestines secrete many proteins and lipids that are commonly sialylated, including the apolipoproteins, hormones, and gangliosides (45) . Given that glycosylation is occurring in postprandial intestines, we hypothesized that a Neu5Gc-rich meal could contribute to ganglioside synthesis as well as glycoprotein synthesis in the intestine, akin to what happens in cultured cells (18) . As the presence of Neu5Gc-containing gangliosides would offer strong evidence for our hypothesis, we used repetitive CH 3 Cl/MeOH/ sample (10:10:1) extraction of intestinal wall homogenates 2 h after bound Neu5Gc feeding. From the organic fraction, we purified gangliosides and were able to identify Neu5Gc by DMB-HPLC (data not shown), which runs at the same time as a Neu5Gc containing standard.
Notably, the majority of Neu5Gc in this intestinal fraction remained in the protein pellet (data not shown). Control extractions using non-fed intestinal homogenates with exogenous Neu5Gc-GM3 ganglioside added (data not shown) demonstrated the reliability of our methods by recovering Neu5Gc only in the lipid fraction and not in the protein fraction. Control blanks were fractions of non-fed Cmah Ϫ/Ϫ homogenates with no exogenous Neu5Gc-GM3 added, which showed no Neu5Gc peaks.
Importantly, a DMB-HPLC peak that runs at the same time as a Neu5Gc-DMB standard was seen only in samples from PSM-fed animals. Although there were insufficient amounts for accurate mass spectrometric confirmation, we independently confirmed the presence of Neu5Gc by periodate treatment of tissue sections to control for ␣Neu5Gc IgY binding, as well by using a negative control IgY.
Neu5Gc Derived from Neu5Gc-glycoprotein Feeding Is Bioavailable for Glycosylation in the Liver-To determine whether Neu5Gc from dietary Neu5Gc-glycoproteins can be delivered to peripheral tissues in the Cmah Ϫ/Ϫ mice, we harvested livers at various times for immunohistology with ␣Neu5Gc IgY, which revealed staining in the portal vein endothelium at 2 h (Fig. 2C) and then spread out into the periportal hepatocytes at 4 h (Fig. 2D) . Western blot analysis of identical samples shows incorporation of Neu5Gc in many endogenous liver glycoproteins (Fig. 3A) , and the signal increases over time. We controlled for the specificity of ␣Neu5Gc IgY in Western blots using a mild periodate treatment of the PVDF blotting mem- ) . B, to control for the staining in A, we repeated staining in SI2 and SI3 with and without 10% chimpanzee serum during the primary antibody incubation step. Chimpanzee serum is a rich source of Neu5Gc-containing glycoproteins and blocked staining seen by ␣Neu5Gc IgY in the SI segments (bottom row). C and D, uptake of Neu5Gc in Neu5Gc-glycoprotein-fed mice by the liver. To determine whether Neu5Gc derived from Neu5Gc-glycoprotein feeding is trafficked to peripheral tissues, we harvested livers of fed mice at 2 h (C) and 4 h (D). Immunohistochemistry using ␣Neu5Gc IgY revealed staining (black arrows) in the portal vein at 2 h (C), periportal hepatocytes at 4 h (D), and increasingly diffuse periportal hepatocytes at 6 h (figure not shown). Scale bar, 100 m.
brane, which specifically destroys the C8-C9 side chain of sialic acids (46), a structural feature required for ␣Neu5Gc IgY binding (see Fig. 3A , column "Cmah ϩ/ϩ Serum Control, and data not shown). Note that mild periodate treatment of blotted membranes does not nonspecifically interfere with epitope recognition as conventional protein antigens are still recognized with or without treatment (see "Control IgY" lane in Fig. 3B ). Importantly, this staining seen in the livers in Fig. 3A is not similar to native PSM run on SDS-PAGE and probed with ␣Neu5Gc IgY (Fig. 3B) , indicating that the staining seen in postprandial liver homogenates is not simply due to PSM fragments that have somehow passed through the intestine and reached the liver.
Moreover, Western blots of the liver samples after PNGase-F treatment (Fig. 3C) showed a shift in apparent molecular weight of some bands (black arrowheads) but not other bands (twosided black arrows). Native PSM control lanes exhibited no shifts or loss of bands upon PNGase-F treatment, indicating that the Neu5Gc-glycoprotein meal was not sensitive to PNGase-F (Fig. 3C) . Thus, the bands seen in peripheral tissues are not fragments of PSM that have been delivered to these tissues. The fact that PNGase-F treatment did not remove obvious bands in Neu5Gc-glycoprotein-fed liver homogenates, but instead shifted migration behavior in SDS-PAGE, indicates that dietary Neu5Gc had sialylated nascent hepatic N-glycan containing glycoproteins soon after a Neu5Gc-rich meal. Taken together, we conclude from these experiments that Neu5Gc is bioavailable for self-glycan synthesis in multiple tissues, within hours of consuming a meal rich in Neu5Gc-glycoprotein.
Although the Neu5Gc in serum and tissues of Neu5Gc-glycoprotein-fed mice was found in glycosidically bound form, the underlying glycoconjugates are currently unknown. The fact that we were able to detect PNGase-F-sensitive Neu5Gc by Western blot of Neu5Gc-GP-fed liver tissues indicates that dietary Neu5Gc does gain access to the overall biosynthetic pool of sialic acids in cell types such as hepatocytes.
Long Term Neu5Gc-glycoprotein Feeding Results in Humanlike Incorporation of Neu5Gc in Endothelial and Epithelial
Tissues-In keeping with the short term kinetics of free Neu5Gc multiple attempts to load Cmah Ϫ/Ϫ mice with free Neu5Gc monosaccharide failed to recapitulate human-like incorporation in vasculature (21), carcinomas (22) , placental tissues (23), or epithelium (25) . Our many failed attempts are tabulated in Table 2 . They include long term (4 -16 weeks) free Neu5Gc in drinking water, which did not yield convincing incorporation by immunohistology with ␣Neu5Gc IgY, and 4 weeks of bi-weekly intraperitoneal injections of free Neu5Gc, which only leads to minimal incorporation into the tubules of the kidney. In hindsight, the tubule staining result agrees with the finding (Fig. 1F ) that ingested free Neu5Gc is rapidly excreted into the urine.
We recognized that long term Neu5Gc-glycoprotein feeding is more physiologic and might recapitulate human-like Neu5Gc incorporation. Indeed, immunohistology with ␣Neu5Gc IgY of 3-week Neu5Gc-glycoprotein-fed mice revealed detectable levels of Neu5Gc incorporation into multiple organs (Fig. 4, three right columns) . In particular, A) . PSM runs as a high molecular weight smear, with no apparent distinct bands. Chicken IgY (100 ng) was included to show that mild periodate treatment does not interfere with epitope recognition of proteins in SDS-PAGE. C, immunoblot of Neu5Gc-glycoprotein-fed Cmah Ϫ/Ϫ liver at 6 h with ␣Neu5Gc IgY with (bottom) and without (top) periodate treatment. To show that Neu5Gc is bioavailable for endogenous glycan synthesis, we used PNGase-F treatment of liver homogenates. PNGase-F treatment did not remove bands but instead leads to a shift toward a lower apparent molecular weight for several bands (black arrowhead) in ϩPNGase-F lanes, compared with ϪPNGase-F lanes. Migration of other bands within the same homogenate was not affected by PNGase-F treatment (two-sided black arrows). PSM controls exhibited no apparent shift with PNGase-F treatment, commensurate with mucin-type O-GalNAc glycans on PSM (B). Rx means reaction.
vasculature from the aorta (Fig. 4A, black arrow) , spleen (Fig.  4B, black arrow) , and kidney (Fig. 4C) showed staining. As expected, the small intestinal villi showed diffuse staining (Fig.  4D) , indicative of the role of this tissue in dietary trafficking. Importantly, we did not detect Neu5Gc staining in any organs from non-fed Cmah Ϫ/Ϫ animals (Figs. 2-5 , two left columns). At 4 weeks of Neu5Gc-glycoprotein feeding, we analyzed Neu5Gc incorporation by flow cytometry using single cell suspensions from liver, heart, aorta, and small intestine (Fig. 5 ). These cells (Fig. 5, red traces) showed Neu5Gc levels above signals detected when we stained non-fed Cmah Ϫ/Ϫ cells (blue traces). Wild type Cmah ϩ/ϩ cells (Fig. 5, green traces) are included for comparison. In fact, cells from aorta, heart, and small intestine of Neu5Gc-glycoprotein-fed mice that were Neu5Gc ϩ largely co-expressed CD31, an endothelial cell marker (Fig. 5A ). This was not the case in the liver where Neu5Gc ϩ cells were CD31 Ϫ . Subsequent intracellular staining for albumin (a hepatocyte marker) showed that Neu5Gc ϩ events were Alb ϩ (Fig. 5B ), which agrees with our short term Neu5Gc-glycoprotein feeding immunohistology (Fig. 2D) , where Neu5Gc was delivered into periportal hepatocytes. Similar assays at 10 weeks of Neu5Gc-glycoprotein feeding showed increased Neu5Gc incorporation in CD31 ϩ cells from aorta and from small intestine (Fig. 5B) , compared with a 4-week feeding. The CD31 ϩ pattern of Neu5Gc staining is very similar to that seen in human tissues, supporting the hypothesis that Neu5Gc detected in human tissues is the result of incorporation of dietary Neu5Gc from glycosidically bound, not free sources.
Feeding Neu5Gc-glycoproteins to Pregnant Dams Result in in Utero
Incorporation into Fetal Tissues-Past studies reported the presence of Neu5Gc in human fetal meconium (47) and in human fetal tissues and placenta (24) . We have previously suspected that the Neu5Gc detected in fetal tissues was the result of incorporation from the maternal diet. However, in prior studies, 1 mg/ml free Neu5Gc in drinking water failed to load fetuses (16) . To model a human pregnancy scenario in the mouse, Cmah Ϫ/Ϫ dams were fed Neu5Gc-glycoprotein chow from fertilization and throughout pregnancy with Cmah Ϫ/Ϫ pups. Tissue homogenates from postnatal day 1 organs show Neu5Gc incorporation into many glycoproteins, including the small intestine (Fig. 6A) . Immunohistology of postnatal day 1 animals with ␣Neu5Gc IgY showed Neu5Gc staining in nearly every tissue examined (Fig. 6B) , including the cranium and dermis but not the brain itself (Fig. 6C) . Regarding the lack of brain Neu5Gc, this particular sialic acid is not easily detected in neural tissue of any mammal. This may be explained by our recent studies (48) , which suggest that the inability of neural sialidases to cleave ␣2-8-linked Neu5Gc is the reason why the central nervous system avoids this type of sialic acid. Of course others (32) have shown that dietary Neu5Ac from glycoproteins is traf- ficked into the brain during rapid central nervous system development. It may be that the developing nervous system requirement for sialic acid underlies the specific mechanism for the fetal Neu5Gc uptake from the mother that we describe here. The fact that brain incorporation does not happen to Neu5Gc suggests that this organ has additional mechanisms to exclude or destroy any Neu5Gc that arrives from external sources.
Cmah Ϫ/Ϫ pups were maintained on a Neu5Gc-glycoprotein chow after weaning and studied 4 weeks after birth by immunohistology with ␣Neu5Gc IgY. These animals showed similar patterns of staining, indicating that Neu5Gc was still accumulating through the diet after birth. Neu5Gc staining was not restricted to endothelial and epithelial tissues in pre-natal/ post-natal loaded Cmah Ϫ/Ϫ mice, and we could detect Neu5Gc at sites like smooth muscle bundles (data not shown), skeletal muscle fibers (data not shown), and in the endocardium (Fig.  6B), patterns not yet seen in human tissues. Throughout our experiments, we have seen a consistent and selective enrichment for Neu5Gc incorporation in endothelial and epithelial cells and not in some other cells types. Understanding the delivery mechanism by which dietary Neu5Gc is trafficked through the bloodstream may explain these patterns. This will be the subject of future studies.
Neu5Gc-glycoprotein Feeding Results in Incorporation into
Developing Tumors-The presence of Neu5Gc in human carcinomas has been reported several times, and Neu5Gc was previously hypothesized to be an oncofetal antigen in human cancer (47) . However, human carcinoma cells that are cultured in Neu5Gc-free media become Neu5Gc-free over time (18) , and oncogene-induced breast carcinomas in Cmah Ϫ/Ϫ mice were Neu5Gc-free, until free Neu5Gc feeding in the drinking water at 1.5 mg of Neu5Gc/ml over 4 weeks yielded weak incorporation in the tumors (16) .
We hypothesized that we could load tumors in vivo with Neu5Gc-glycoproteins. We injected 10 6 syngeneic MC38 carcinoma cells subcutaneously into the flanks of Cmah Ϫ/Ϫ mice. The mice were then split into three groups as follows: 1) maintained on Neu5Gc-free soy chow; 2) moved to free Neu5Gc in the drinking water; 3) moved to Neu5Gc-glycoprotein chow. Tumor growth was not statistically different between the groups over the 3-week course (data not shown). We used our flow cytometry-based assay to detect Neu5Gc levels on MC38 cells isolated from the flank tumor. Similar to previous results with free Neu5Gc feeding and cancer (16) , free Neu5Gc feeding in this model led to increased Neu5Gc incorporation above base line in MC38 cells compared with tumor cells grown in animals on the Neu5Gc-free soy chow (Fig. 7, left panel, black  trace) . However, MC38 cells from Neu5Gc-glycoprotein-fed mice exhibited substantially more Neu5Gc incorporation compared with both free Neu5Gc-fed and soy chow-fed mouse tumor cells (Fig. 7, right panel, black trace) . It was interesting that Neu5Gc-glycoprotein feeding did not led to increased intensity of staining, compared with free Neu5Gc feeding, but instead led to a larger proportion of cells being Neu5Gc-positive. This result indicates that both free Neu5Gc and Neu5Gc-glycoprotein feeding can load developing tumors, but Neu5Gc-glycoprotein feeding gains access to a greater proportion of the tumor. This is likely due to the poorly understood delivery mechanism of Neu5Gc-glycoprotein to peripheral tissues.
Once again, tumorigenesis was the only scenario where free Neu5Gc feeding resulted in some detectable Neu5Gc incorpo- Ϫ/Ϫ mice were fed with Neu5Gc-glycoprotein for 3 weeks (A) or 10 weeks (B). At sacrifice, the animals were perfused with collagenase, and organs were dissociated and stained with ␣Neu5Gc IgY. Flow cytometric analysis showed positive staining for Neu5Gc in Neu5Gc-glycoprotein-fed mice (red traces) above levels seen with non-fed Cmah Ϫ/Ϫ controls (blue traces) at 4 weeks of feeding (A) and increased further at 10 weeks of feeding (B). Most Neu5Gc-positive events from heart, aorta, and small intestine costained with a marker for endothelium (CD31), although Neu5Gc-positive events in the liver co-stained with a marker for hepatocytes (albumin). Tissues from Cmah ϩ/ϩ mice were used as positive controls and for comparison (green traces). These results are representative results from Neu5Gc feeding courses that were repeated at least three times on Cmah Ϫ/Ϫ animals, staining three Neu5Gc-glycoprotein-fed mice per feeding time point. ration in vivo. If reliable in humans, this observation could be exploited to deliberately load tumors. Because ingested free Neu5Gc is poorly incorporated into normal tissues, tumor cells could be selectively labeled. Introduction of a Neu5Gc-specific toxin or inflammation associated with recognition by the human Neu5Gc-specific antibody response could then target the tumor for cytologic or immunologic attack, respectively. Regardless of these speculations, the "oncofetal" prominence of Neu5Gc in humans can likely be attributed to metabolic incorporation of Neu5Gc-glycoproteins from the diet.
Conclusions and Perspectives-We have previously found trace amounts of Neu5Gc in a characteristic incorporation pattern in normal human tissues (24) , despite the fact that humans are genetically unable to produce Neu5Gc. The cells types in question are endothelium of small and large blood vessels, intestinal epithelium (epithelium lining hollow organs), placenta, fetal tissues, and some carcinomas. We hypothesized that Neu5Gc in human tissues is metabolically incorporated from the diet. However, many failed experiments in the mouse (Table 2) indicated that the mere presence of free Neu5Gc in vivo was not sufficient to achieve this. The current data have expanded upon a metabolic pathway for dietary incorporation of sialic acids shown previously (39, 40) and have significantly deepened these observations by showing for the first time that dietary Neu5Gc-containing glycoproteins are metabolically incorporated in vivo in a human-like tissue distribution (Figs. 4  and 5) . The striking contrast of Neu5Gc-glycoprotein feeding with the negative results of free Neu5Gc feeding (Fig. 1) indicates that there exists a novel pathway for intestinal processing of glycosidically bound Neu5Gc, with subsequent delivery and incorporation into peripheral tissues. Free Neu5Gc is rapidly absorbed from the intestines and appears rapidly in blood, only to end up in urine in short term feeding studies. Long term loading studies agree that free Neu5Gc feeding does not work (Table 2) . However, Neu5Gc-glycoprotein feeding exhibits different handling in the small intestine and throughout the body, , bottom) . B, immunohistochemistry with ␣Neu5Gc IgY of multiple tissues from in utero loaded Cmah Ϫ/Ϫ newborns indicated widespread incorporation of dietary Neu5Gc, in patterns that exceed those seen with adult feeding. In utero loaded mice demonstrate staining with ␣Neu5Gc IgY many tissues, including heart, smooth muscle (surrounding intestinal villi), pancreas, liver, and kidney (top row). Staining was controlled with 10% chimpanzee serum block (bottom row). C, consistent with the human condition, we were still unable to load Neu5Gc into the brain, although the cranial and dermis tissue surrounding the brain show staining with ␣Neu5Gc IgY (top row) that is sensitive to block with chimpanzee serum (bottom row). Scale bar, 100 m.
FIGURE 7. Dietary Neu5Gc is incorporated in growing tumors in vivo.
To determine whether dietary Neu5Gc can be incorporated in tumors in vivo, adult Cmah Ϫ/Ϫ mice were injected subcutaneously with 0.5⅐10 6 MC38 cells and fed no Neu5Gc (soy chow fed, tinted gray histograms, n ϭ 2), fed free Neu5Gc (solid line in the left histogram, n ϭ 3), or fed glycosidically bound Neu5Gc (solid line in right histogram, n ϭ 3) for 3 weeks. Tumors were removed and digested into single cell suspensions using collagenase. 10 6 tumor cells from each mouse were stained ␣Neu5Gc IgY for flow cytometric analysis. Neu5Gc was incorporated into tumor cells from Neu5Gc-glycoprotein-fed mice and free Neu5Gc-fed mice, although at lower levels as indicated by the lower intensity of staining. disappearing more slowly from the intestine and with persistence in the blood and in the liver. Further studies are needed to elucidate the transport mechanism underlying this pathway.
The PSM polypeptide is serine-rich, highly polymorphic, and heavily glycosylated with O-glycans (49, 50) . Because the human diet contains a mixture of N-and O-linked glycoproteins, as well as glycolipids and oligosaccharides, the question remains whether the structure of the underlying glycan changes Neu5Gc uptake and trafficking. Further studies are needed to clarify and understand any significant differences among classes of Neu5Gc-bearing glycoconjugates and/or types of food sources.
We also cannot be certain if the ␣/␤ anomeric configuration differences between free Neu5Gc and Neu5Gc-glycoproteins contributes to the differences shown in this study. Early dietary studies of fed oligosaccharides (39, 40) appeared to show similar metabolic and excretory kinetics as free Neu5Gc in our studies. Based on all the data, it is reasonable to speculate that the same may be true with other smaller Neu5Gc-sialoglycans. Studies of postprandial serum from Neu5Gc-GP-fed mice are also needed to shed light on the transport mechanism of dietary Neu5Gc from the gut to the peripheral tissues.
Other aspects of underlying mechanisms need further exploration. Although we have not shown it here in vivo, our previous studies (18) demonstrated in vitro that Neu5Gc-glycoproteins can be taken up by macropinocytosis and processed in the lysosome to release free Neu5Gc, which is then transported to the cytosol by the lysosomal sialic acid exporter, for reuse in sialylation. It is possible that dietary Neu5Gc is exploiting some facet of this salvage pathway.
Regardless, it seems unlikely that humans and mice have evolved this system purely to scavenge dietary Neu5Gc (indeed, the typical diet of a wild mouse in unlikely to contain much mammalian-derived Neu5Gc). Given the striking differences in kinetics of free Neu5Gc and Neu5Gc-glycoprotein meals, the ability of Neu5Gc-glycoproteins to result in metabolic incorporation in specific tissues, and the apparent need for dietary sialic acids at critical periods of mammalian growth (32) (33) (34) , it is likely that we are actually studying a general pathway for incorporation of dietary sialic acids. The bloodstream transport molecule(s) for Neu5Gc needs to be studied to better understand the in vivo transport mechanism for dietary Neu5Gc. This will shed light on the heretofore unexplained pattern of dietary Neu5Gc tissue incorporation seen in humans and now in Cmah Ϫ/Ϫ mice. However, the ability of free Neu5Gc to load subcutaneous carcinomas (Fig. 7) presents an interesting possibility of selectively incorporating Neu5Gc into tumors for therapeutic reasons. While pursuing this tumor-labeling strategy, it will be important to ensure that free Neu5Gc does not load physiologic tissues in vivo, even at low levels.
In conclusion, we are beginning to understand how humans metabolically incorporate dietary Neu5Gc. This information has important ramifications for human health and underscores the importance of minimizing dietary intake of Neu5Gc, presumably to reduce the body burden of Neu5Gc (although we have little data regarding the turnover of incorporated Neu5Gc in humans). Reducing dietary Neu5Gc should also limit the risk for Neu5Gc-binding Shiga-like toxins (25) as well as minimize the interaction of Neu5Gc-specific antibodies and incorporated Neu5Gc in promoting vasculitis (21) or carcinoma progression (22) .
